We propose a two-qubit optically controlled phase gate in quantum dot molecules via adiabatic passage and hole tunneling. Our proposal combines the merits of the current generation of vertically stacked self-assembled InAs quantum dots and adiabatic passage. The simulation shows an implementation of the gate with a fidelity exceeding 0.98.
I. INTRODUCTION
The spin of an electron, trapped in a self-assembled semiconductor quantum dot (SAQD) and manipulated by laser pulses, is believed to be a promising qubit candidate for quantum computation and quantum communication. Such qubits take the advantage of both long coherence time [1] [2] [3] and high speed for optical coherent control 4, 5 . Recently, there have been many experimental demonstrations of the key DiVincenzo requirements 6 for such qubit, for examples, spin initialization [7] [8] [9] , the coherent manipulation of electron spins 4, 10, 11 , and fast spin nondestructive measurement 12 . Entangling gates for two qubits form an essential ingredient of quantum computation. Significant effort has been invested in theoretical protocols for two qubit gate [13] [14] [15] [16] [17] [18] [19] [20] [21] and experimental demonstration of optical entanglement control 22 between QDs. However there has been no reported experimental realization of optically controlled phase gate between QDs. In this paper, we propose a two-qubit controlled phase gate in a vertical self-assembled quantum dot molecule (SAQDM) 23, 24 utilizing adiabatic passage and hole tunneling. Compared with our previous scheme 20 , the using of adiabatic passage efficiently suppressing spontaneous decay from excited states [25] [26] [27] [28] and need not precisely timing the interval between the two pulses. Our proposal bases on the current generation of SAQDMs, and the simulation shows the gate can implemented with a fidelity exceeding 0.98.
II. THE BASIC MODEL
Our model is based on the vertically coupled SAQDs of Ref 23,24 (see Fig. 1 ). The electrons or holes can tunnel between the two dots to create a quantum dot molecule (QDM). For the QDMs discussed here, the nominal height of dot 1, h 1 , is greater than that of do t 2, h 2 , so that dot 1 exhibits the lower transition energy. This allows the hole levels to be brought into resonance with a positive electric field applied along the x axis (the growth direction), while the electron level of dot 2 is shifted to a much higher energy than that of dot 1. We use the spin of the electrons in each dot as the qubits. In the Faraday geometry, the energy levels for the single QD system in the presence of a small magnetic field B z along the z axis (growth direction) 9, 29 . The two eigenstate states of electron spin, i.e.
|↑ and |↓ , are split by the magnetic field B z . The lowestenergy interband transition is to the trion state |↑↓⇑ (|↓↑⇓ ), consisting of two electrons in a singlet state and a heavy hole. Optical selection dictate that the σ − (σ + ) polarization laser could coupled the transition |↓ → |↓↑⇓ (|↑ → |↑↓⇑ ) , and other transitions are forbidden.
III. IMPLEMENTATION OF TWO QUBITS PHASE GATE
The ideal phase gate aims to impose a phase change on the state |↑, ↓ without affecting the phase of the other three states. It should also preserve phase coherence for a superposition of the four QD spin states. This operation can be characterized by the unitary transformation:
We use the convention that the vertical arrows on the left and right of the comma sign are, respectively, the directions of the spins in dot 1 and dot 2. Fig. 2 shows the the level diagram of the two quantum dot and gate operation process, which includes three sequential steps:
Firstly, the QDM is illuminated with a σ − circularly polarized continuous wave (CW) laser pulse Ω 1 (t) propagating in the x direction (growth direction). The laser is tuned such that it could create an exciton in the quantum dot 1 (only if it is state is |↓ ) without affecting the quantum dot 2. The Hamiltonian for the QDM under this laser excitation is
where we assume = 1, and τ is the hole tunneling rate between the two dots. The Hamiltonian has a dark state
If we turn on the σ − circularly polarized laser pulse and increase the Ω 1 (t) slowly, when Ω 1 (t) ≫ τ the state |↓, ↓ (↑) will be adiabatically transferred to the state |↓↑, ⇓↓ (↑) almost without exciting the media state |↓↑⇓, ↓ (↑) . In this process, the states |↑, ↑ and |↑, ↓ are not affected by the laser pulse.
Secondly, we apply another σ − circularly polarized pulse Ω 2 to coupled the state |↑, ↓ to the state |↑, ↓↑⇓ . The Hamiltonian for the QDM under this laser excitation is H 2 = Ω 2 (t) |↑, ↓↑⇓ ↑, ↓| + τ |↑⇓, ↓↑ ↑, ↓↑⇓| + H.c.. (4) Starting with the initial state |↑, ↓ the system evolves at the time t to
At
|↑⇓, ↓↑ . In the case Ω 2 ≫ τ, t 1 ≈ π/Ω 2 , |ψ (t 1 ) ≈ − |↑, ↓ . The state |↑, ↓ acquiring a π phase, the transition |↓↑, ⇓↓ → |↓↑, ⇓↓↑⇓ is blocked because of the Pauli exclusion principle.
Finally we slowly turn off the first CW laser Ω 1 so that the state |↓↑⇓, ↓ (↑) can adiabatically transfer back to the state |↓, ↓ (↑) . The system returns to its original state and only the state |↑, ↓ acquires the −1 factor, i.e., controlled phase gate.
IV. SIMULATION AND CONCLUSION
To simulate the system's dynamics, we employ master equation of density matrix ρ
the superoperator L is given by
where L i = √ γ i c i describes spontaneous photon decay in QD i.
We choose the pulses as (|↑, ↑ + |↑, ↓ + |↓, ↑ + |↓, ↓ ), we calculate the fidelity of the phase gate F = 0.98. The fidelity can be improved further if the lifetime of the state |↓↑, ⇓↑ is increased. Consider this system in a cavity, the state |↓↑, ⇓↑ will be off resonant with their cavity modes, γ 2 can be reduced to (8 ns)
−1 31 , the fidelity can be as high as 0.998. In conclusion, we have proposed an all-optical controlled phase gate which benefits from current generation of QDM and adiabatic passage. Our simulation shows the fidelity of the phase gate is exceeding 0.98 by using realistic values for all parameters. 
